Abstract
Introduction
Oil activity is carried out at increasingly restrictive environmental regulation being ceaseless studies and investments in search of sustainability in this field (DIAS, 2005) . Studies are been made to understand the potential harm to marine environment caused by Offshore Oil and Gas operations and to learn important lessons from catastrophic occurrences (BEYER et al., 2016; WHITE AND BERRY, 2014) .
Drilling operations and well cementing usually generate a large amount of waste and residual waters, so the environmental impact is inevitable. On Table 1 is shown the waste that can be generated at each step at the construction of oil and gas wells (IBAMA, 2014) . (IBAMA, 2014) There is a great research effort to measure the impact caused by particulate emissions on marine ecosystems using Life Cycle Impact Assessment (LCIA) standard methods (MENDES et al. 2016; ROSENBAUM et al., 2008; VELTMAN et al., 2011; WOODS et al., 2016) . Although different physical pressures of particles characterization factors were developed, such as turbidity increase and burial of benthic communities due to particle deposition on the seafloor, only the latter will be considered in this work.
Along the drilling operations, the most part of waste cuttings is associated with water-based drilling fluids and non-aqueous based drilling, both natural byproducts of the geological formation. In the cementing operations, the washing waters from cement cleaning units is generated in large volumes and with a relative high frequency. Table 2 shows the average volume of drill gravels and washing waters that can be generated during construction of a typical well 5 stages-well. Table 2 -Average volume of gravels and washing waters that can be generated during the construction of a typical 5 stages-well
to the final disposition site. Dealing specifically with the washing waters residues issue, which consists basically of 1/20 parts of cement to fresh water, the solid phase is sent to sanitary landfills and the liquid one goes to a plant of industrial effluents treatment.
The increase of processing power of computers associated with their popularization, enable the construction and solution of mathematical models with increasing sophistication, making possible the simulation of a variety of complex processes and phenomena. For example, nowadays is possible to solve mathematical equations that represent the physical phenomena related to the transport of toxic substances in marine waters, an important tool that can be adopted in the assessment of this environmental problem (DIAS, 2005; LEITÃO, 1996) .
The marine environment is subjected to physical, biological, chemical and geological processes. So, from the modeling perspective the choice of a particular approach depends on the specific phenomenon that the model itself is intended to simulate. MOHID WATER is programmed in ANSI Fortran 95 and its system consists of more than 40 modules, which add up to more than 150,000 programming lines, with ability to simulate hydrodynamics, the dispersion phenomena (Lagrangian and Eulerian approach), the water quality and sediment transport (cohesive and non-cohesive) addition of a system module geographic information (SIG), which enables the creation of computational mesh in which simulations are applied. Each module is responsible for managing an information type, it may be understood as a specific model (JULIANO et al., 2012; MIRANDA et al., 2000; PESSANHA et al., 2011) . The main MOHID WATER modules are listed in Table 3 . The hydrodynamic module is a three-dimensional model that solves the Navier-Stokes equations, considering the Boussinesq approache, where it is assumed that all fluid properties are constant except for the density of the weight force term, which varies linearly with temperature. The equations are solved numerically by the Finite Volume Method with a generic vertical discretization which allows simultaneous execution of various types of vertical coordinates (COELHO et al., 2002; FRANZ et al., 2016) .
According to Mohid developers (ACTION MODULERS, 2016; MARETEC, 2016; MIRANDA et al., 2000) , at first the Lagrangian transport module MOHID WATER was designed be coupled to a two-dimensional hydrodynamic model, solving the primitive equations for shallow waters, making use of the hydrostatic approximation, in a way that it could only simulate the trajectory of drifting buoys. Latter, in a second phase, it was amended to simulate more complex mechanisms (wastewater effluent, specific emissions sediments, emissions of large masses of passive floating pollutants) and water quality studies (determination of residence times of water bodies in specific areas of the domain).
Then finally, in a third stage, the coordinate system has been generalized so that it was possible to couple the particle models to 2D and 3D hydrodynamic models. Briefly, the calculation scheme can be divided into three major steps:
generation, transport and disposal of the particles (LEITÃO et al., 2013).
Methodology
The release of the residue in a marine environment is a problem of multiphase flow in which the continuous phase is constituted by seawater (environment) and the dispersed phase by cement paste. In this work a model was implemented in MOHID WATER through hydrodynamic modules, adopting a lagrangian approach. It is important to note that here the solid phase was treated as a conservative substance, being not subjected to any biogeochemical process.
According to (LEITÃO et al., 2013) , the lagrangian approach consists to associate mass to particles emitted at specific points of the domain. The trajectory of each particle is calculated based on a velocity field provided by the coupled hydrodynamic model, and the field concentrations is a function of the particle density in each grid cell. The advective term present in the Navier-Stokes equations is solved indirectly through the trajectory produced by nonturbulent velocity field. The particle location for each instant of time is given by Equation 1:
(1)
where: -particle location at time t;
-particle velocity. Figure 1 illustrates the e speeds that are calculated using a simple interpolation, based on the velocity field calculated by coupled hydrodynamic model. The emission of particles can be done in several ways, spatially and temporally speaking. The spatial emission can be performed by one or multiple sources when each source may correspond to a specific point or to an area defined by a polygon. These particles have the same list of properties and parameters to characterize their random route. The temporal emission of particles can be an instantaneous type or a continuous one (JULIANO et al., 2012; MARETEC, 2016) .
According to Leitão (1996) , when studying sediments, it is necessary to consider that they have a wide range of dimensions, classified as sand, silt and clay. Another classification criteria is defined by means of activity, i.e., the propensity that a particle has to establish connections with other surrounding particles, in a way that these attractive forces between particles can be sometimes higher than gravitational forces.
In order to be able to simulate the sedimentation process, each particle was associated to a sedimentation velocity, calculated for each particle diameter, d, using equation 4, which calculates the sedimentation rate, w s , considering non-spherical particles (MARETEC, 2016; RIJN, 1989) . (4) where:
-continuous phase kinematic viscosity; g = 9.80 m/s²;
Results and discussion
Here the simulation of a given disposal of washing waters considered a typical well located at Campos basin, with UTM coordinates of N 116026 and 505437 (SIRGAS, central meridian 33).
The simulations represented a discharge during the first 3 days of March 2013. In this modeling, was neglected a volume of 3.6 m³ of washing water, which correspond to the average volume that is generated during a cementing operation of a well through a pipe with 10 inches of diameter This pipe is placed at depth of 20 meters and has a flow rate of 31.8 m³/h.
The assumptions and constraints assumed in this work to determine the trajectory of the cement slurry particles in the disposal of waste in question are: (a) cement particles agglomerate has an average diameter of 220 µm, with a 1.589 g/cm³ density, resulting in a sedimentation rate of 1.23 x 10 -2 m/s (result obtained by the equation 3); (b) particles are considered to be inert; (c) the particles are considered not cohesive; (d) the emission of particles is punctual (e); molecular diffusion is negligible compared to the turbulent diffusion. One notes that all lagrangian approach used in this work adopted the hydrodynamic solution developed by (FRANZ et al., 2016) .
The area considered in this work is shown in Figure 2 , where 42 cartesian layers were superimposed 7 sigma layers. The digital terrain was discretized by a domain mesh with 3 km x 3 km cells. The area occupied by the particles estimated by MOHID is around 3627 km 2 . Considering a washing water density of 1.04 kg/L and a released volume of 3600 L, a total of 3744 kg of residue was discharged, 187 kg of that as solid phase, resulting to an average of 0.05 mg/m 2 for the estimated area. Since a single well building would need 6 sequential discharges and the typical Oil and Gas exploration field at Campos Basin offshore Brazilian coast summing up 100 wells on a 1 km 2 area, so the deposition impact can be estimated as an average deposition of 30 mg/m 2 .
When more precaution is necessary, the maximum deposition at a single simulated cell to estimate the deposition can be used instead of the average, under this assumption that value would be raised to 472 mg/m 2 .
Considering the particle specific mass of 1589 kg/m 3 , it is possible to estimate an average sediment layer of 0.3 μm caused by the 100 wells building operations, that is, caused by cement washing water disposal at the ocean. With that small amount, the physical burial of benthic communities due to particle deposition on the sea seems to be not relevant.
Conclusion
The use of Lagrangian module of MOHID WATER coupled to the hydrodynamic solutions developed by Franz et al. (2016) , allowed to visualize a given disposal scenario of washing water residue from cementing operations of oil and gas wells. The simulation indicates that an infinitesimal thickness of particles should be spread over a relatively large area of the seabed at the end of the simulated scenario.
Future works using techniques to evaluate the LCIA Life Cycle Impact Assesment presented by Veltman et al.
(2011) can be used considering that particle deposition as the marginal increase in total stressor mass with the knowledge of the marginal increase in effects in a certain impact category (e.g., aquatic toxicity) and the stressor specific bioavailability factor to assess the environmental impact.
This study demonstrated that the computational models can be useful tools in the understanding and assessment of environmental impacts from the disposal of washing water residue. The strategy adopted here can be expanded and optimized considering different refinement assumptions and restrictions assumed during the development of the model. However, further work on waste disposal from cementing offshore oil and gas operations are to be considered: the water column acute and chronic toxic effects on different species, besides the sediments deposit layer, the initial benthic response and benthic recovery rate (VELTMAN et al., 2011) . Synergistic impacts of other offshore waste disposal in the ocean, interactions among benthic and higher trophic levels organisms, and exposition effects to human health bring additional complexity, requiring other modeling techniques and primary data gathering methods.
